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REDUCING STATIC SETTLEMENT POTENTIAL  
USING PREFABRICATED WICK DRAINS – A CASE HISTORY 
 
Judd J. King, P.E., G.E., 
Senior Engineer, Earth Systems Pacific 






Soft fine-grained soils subjected to heavy loads, such as those imposed by rigid structures or fill, have a high potential to consolidate 
over time.  Depending upon subsurface conditions, soil consolidation can take many years to occur.  This consolidation results in 
settlement, and subsequent differential settlement of the ground surface, which can have damaging consequences to structures.  
 
To reduce the potential for damage to structures due to consolidation settlement, various solutions have been devised by 
geoprofessionals. Such solutions include pile foundations, rigid mat/raft foundations, chemical stabilization, and over-
excavation/replacement.  Another method is the use of prefabricated wick drains in combination with a temporary surcharge load.  
Wick drains installed vertically in a grid pattern across a project site create small voids within the soil matrix.  These voids reduce the 
drainage distance, allowing excess pore water to dissipate.  Decreasing the drainage distance significantly reduces the time needed for 
consolidation to occur.   
 
Wick drains and a temporary surcharge were used prior to construction of a building pad for a large
 
retail structure in San Luis 
Obispo, California.  To construct the building pad, 8.5 feet of engineered fill was placed over a field of prefabricated wick drains. Four 
additional feet of fill was used as a surcharge load during a period of 69 days. Throughout the approximate 4 month monitoring period 
during building pad construction, an average settlement of 3.43 inches was measured; with over 6 inches in some locations.  The use 
of prefabricated wick drains and a surcharge load reduced the settlement period from several years to about four months, allowing 
construction to occur and the retail store to open on schedule. 
 
 
INTRODUCTION AND PROJECT DESCRIPTION 
 
Nationwide retail corporations have expanded their presence 
throughout communities across the country. These 
corporations often require turn-key building sites where they 
can virtually pull a design off the shelf and apply it to any site 
regardless of the conditions; surface or subsurface.   
 
One of these turn-key sites is located in a commercial 
development area of San Luis Obispo, California.  The overall 
project site is named Prefumo Creek Commons; however, for 
the purposes of this case history, the specific building pad for 
the 140,000 ft
2 
retail building and an immediately adjacent 
smaller 5,000 ft
2
 retail building is referred to as the project 
site. Over a relatively short construction schedule of 14 
months, the site was developed, the building constructed, and 
the retail store opened on schedule.   
 
Geographically, San Luis Obispo is located approximately 
half-way between Los Angeles and San Francisco on the coast 
of California. The city is fragmented by several hills 
surrounded by low-lying areas.  Prefumo Creek Commons is 
located in the southern portion of the San Luis Obispo on the 
east side of Los Osos Valley Road, approximately ½ mile 
north of US Highway 101.  For the purposes of this case 
history, Los Osos Valley Road is considered to run in a north 
to south orientation. The specific project site comprises the 
southeastern quadrant of the Prefumo Creek Commons retail 




The project is located in a relatively flat area at the southern 
end of the Los Osos Valley.  Developments that border the 
project were also constructed on relatively flat topography.   
 
Immediately north of the project is a single-family residential 
subdivision.  Light industrial complexes are located to the 
south. Los Osos Valley Road provides the western border of 
the project site and is also the eastern border of Irish Hills 
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Plaza, which is another major retail development.  Prefumo 
Creek forms the eastern boundary of the project.  Fallow 
farmland is east of the creek.   
 
Prior to development, elevations (el.) across the development 
parcel varied from about 116.5 ft along the south end to about 
122.0 ft along the north.  Much of the southern part of the 
site’s existing topography was situated at or below 100-year 




The flow line of Prefumo Creek is about 20 feet lower than the 
project site in most areas.  The creek is fed by tributary 
drainage north of the site and from Laguna Lake, which is 
situated approximately 1/3 mile northeast.  During winter 
storms, the creek experiences a backup effect due to its 
reduced capacity where the creek intersects Highway 101 and 
San Luis Obispo Creek. The backup is what often causes 
flooding of some of the areas of the site (Dunsmore, 2008).   
 
Drainage from roadways and developed sites has historically 
sheet flowed onto the site from the north and collected in the 
southern area.   
 
During development of adjacent properties, a concrete-lined 
swale was constructed along the southern border of the site.  
This swale often becomes inundated by run-off from the west 





Historical air photos were reviewed from the years of 1949, 
1957, 1965, 1973, 1989, 1994, and 2007.  Throughout those 
years, Prefumo Creek generally followed the same alignment 
along the east side of the development site. South of the site, 
the creek was realigned sometime between 1965 and 1973 as a 




Prior to development, vegetation primarily consisted of 
seasonal grasses and phreatophyte plants in the southern 
portion of the site where storm water collected.  Willows and 
other riparian vegetation were and still are present along the 
creek.  The site was used for irrigated farming, but had been 
fallow for at least five years prior to development.  
Periodically, it was mowed and disked using farm implements 




In order to raise the site above the flood elevation to a building 
pad elevation of 124.0 ft. Up to four feet of fill was needed on 
the north side and approximately 8 feet was needed along the 
southern edge.  Other improvements included underground 
utilities for sewer, storm drainage, water, natural gas, 
electricity, and communications.  The areas north, west, and 
east of the project site were developed for parking.  Delivery 
truck access to the loading dock area at the southeast corner of 
the building was provided via a paved roadway along the 
south side of the building.  A site retaining wall, varying in 
height from 4 to 8 feet was constructed along the south edge 
of this truck access roadway.  The area beyond the bottom of 
the wall was developed into a bio-retention basin for storm 
water.   
 
The building pad was constructed to support the 140,000 ft
2 
retail building and a smaller 5,000 ft
2 
retail building at the 
northwest corner of the subject project site. These two 
buildings are separated by only 6 inches.  The larger building 
was to be a reinforced concrete tilt-up structure that would be 
supported by continuous perimeter footings. Interior columns, 
supported by isolated spread footings, were used to support 
the steel framed roof structure. A foundation bearing capacity 
of 3,000 psf was required under contract by the retail 
corporation. Maximum differential settlement of ½-inch over 
30 linear feet, and total uniform or differential movement of 3 
inches over the length of the building, but not more than 1 
inch over 100 linear feet were allowed by the retail 
corporation. Similar requirements were stated for the smaller 
structure that was of steel frame construction supported by 
conventional continuous and spread foundations.   
 
From the time that grading began to the planned opening date 
of the retail building, a total of 14 months was allotted for 
construction.  All of the remedial grading, underground utility 
construction, mass grading, site improvements, foundation 
construction, and building construction would need to occur in 
this time frame.   
 
 




The site is underlain by alluvium which in turn overlies older 
alluvium, primarily deposited by Prefumo Creek (Dibblee, 
2004).  The headwaters of Prefumo Creek originate on the 
eastern slopes of the San Luis Range.  The creek flows in an 
easterly direction across the flank of the range and in an 
southerly direction when it reaches Los Osos Valley.  
Historically, it is believed that the creek had a southerly flow 
on the valley floor and flowed near the base of the San Luis 
mountain range prior to being redirected toward Laguna Lake 
during the development of that area more than 40 years ago.   
Now the creek flows out of Laguna Lake and along the eastern 
boundary of the site.  
 
Mapped alluvial deposits consist of clay, silt, sand, and gravel 
derived predominantly from Franciscan lithologic units 
(Dibblee, 2004).  Isolated peaks of shallow Franciscan units 
have been encountered within the southern Los Osos Valley at 
relatively shallow depths in some locations.  This variance is 
speculated to be due to the north-south trending Los Osos 
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Fault situated approximately 0.25 miles west of the project 




Several methods over three phases of subsurface exploration 
were performed from November 2006 through November 
2009 (Earth Systems Pacific, 2009). Methods of investigation 
included conventional hollow-stem auger (HSA) borings; 
machine excavated test pits (TP), Cone Penetrometer Test 
(CPT) soundings, and mud-rotary (MR) borings. Table 1 
summarizes the type, range of depths, and quantity of 
borings/excavations/soundings for each exploration method. 
 
Table 1. Exploration Methods and Depths 
 
Method Depths (ft) Quantity 
HSA 6.5 to 65.0 39 
TP 7.0 to 12.5 3 
CPT 106.5 to 110.0 5 
MR 56.5 to 71.5 4 
 
Sampling methods varied throughout the subsurface 
exploration phase of the project. Sampling and laboratory 
testing methods used throughout the project generally 
followed ASTM methodologies (ASTM, 2009).  During HSA 
and MR methodologies, Standard Penetration Tests (SPT) 
were performed (ASTM D 1586), and soil samples were 
obtained using a California Modified Ring sampler (ASTM D 
3550 with shoe similar to ASTM D 2937).  Samples were also 
obtained using Shelby tube samplers (ASTM 1587).  A safety 
hammer and an automatic hammer were used to drive SPT and 
ring samplers; Shelby tubes were pushed into the ground using 
the drill rig’s hydraulic ram.  Bulk soil samples were obtained 
from the auger cuttings. Throughout the subsurface 
explorations, soils encountered were categorized and logged in 
general accordance with the Unified Soil Classification 
System and ASTM D 2488.   
 
The five CPTs were performed in accordance with ASTM D-
5778.  Data were collected and plots of measured tip 
resistance (qc), sleeve friction (fs), and pore water pressure 
(u2) were developed.  From these data, correlated undrained 
shear strength (Su) and N60 blow counts were also developed.  
Soil behavior types were estimated using widely accepted 
industry methods (Robertson et al., 1985).  The approximate 
locations of the borings, test pits, and CPT soundings 
performed for the project site are presented in Fig. 1.  Note 
that all of the exploratory locations for the development are 










Similar subsurface conditions were encountered in the borings 
and test pits.  An approximate 39 to 60 foot thick layer of 
alluvium overlies older alluvium.   
 
The alluvium consisted of interbedded layers of fat clay, sandy 
fat clay, sandy lean clay, clayey sand, clayey sand with gravel, 
and sandy silt. Fine-grained soils (i.e. soils that are 
predominantly silts and clays) were generally medium stiff to 
stiff in the upper layers, becoming very soft to soft below the 
groundwater surface.  Coarse-grained soils (i.e. soils that are 
predominantly sands), where encountered, were generally 
loose to medium dense.  Discontinuous lenses of soils with 
higher concentrations of sand and gravels were also noted. In 
some of the borings, root casts were noted at relatively 
shallow depths. In Boring 41, from 36 to 42 feet, layers of 
wood and other organics were recovered.   
 
Older alluvium was encountered at depths ranging from 39 to 
60 feet below the ground surface. Throughout the deeper 
borings and CPT’s, the older alluvium consisted of soft to hard 
sandy silt and sandy lean clay. Varied concentrations of gravel 
and some cementation were observed.  Refusal of the CPT 
probe was experienced at a depth of 110 feet below the 
surface. 
 
Throughout exploration, groundwater was encountered at 
depths varying from 7 to 14 feet.  In borings drilled in 2009, 
depths to groundwater were also measured at least one day 
after the borings were drilled.  In most of these borings, the 
water surface rose to within 2.5 feet of the ground surface that 
existed at the time of exploration.  Based upon the exploration, 
it was estimated that the static groundwater level could vary 
from 2.5 to 7 feet below the surface (roughly el. 110.0 ft to 
115.0 ft). The sub-artesian and soft soils below the 
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groundwater surface would greatly affect the grading and 





Laboratory analyses included bulk densities and moisture 
content (ASTM D 2937), maximum density and optimum 
moisture content (ASTM D 1557), expansion index (ASTM D 
4829), R-value (ASTM D 2844), grain size distribution 
(ASTM D 1140, 422), Atterberg limits (ASTM D 4318), 
direct shear (ASTM D 3080), unconfined compressive 
strength (ASTM D 2166), and one-dimensional consolidation 
with time rate incremental readings (ASTM D 2435).    
 
Geotechnical analyses of the project site included liquefaction, 
dynamic soil settlement, AASHTO roadway design 
(AASHTO, 1993), Caltrans roadway design (Caltrans, 2006a), 
soil corrosivity, and static soil settlement.  Static soil 
settlement potential of the project site is the focus of this case 
history. 
 
Laboratory Testing – Consolidation 
 
A total of 22 samples were tested for one-dimensional 
consolidation per ASTM D 2435.  Of these samples, 18 were 
used to evaluate the static soil settlement potential for the 
project site.  Some of the samples tested for consolidation 
were obtained using a California Modified Ring Sampler and 
other samples were obtained using Shelby tubes as indicated 
in Table 2.  Of the 22 samples tested, four were time 
monitored at specific loadings to estimate coefficients of 
consolidation.   
 
Basis of Analyses 
 
The study of consolidation behavior of fine grains soils was 
pioneered by Karl Terzaghi in the early 1900’s (Peck, 1953).  
He focused his efforts on the rate of settlement originating 
from a layer of clay confined above and below by permeable 
layers of soil.  He theorized that increases in vertical effective 
stresses in this clay layer would produce excess pore water 
pressure. This excess pressure would eventually dissipate into 
the more permeable layers above and below. This concept was 
summarized in an equation to estimate the amount of primary 
consolidation in one dimension of a normally consolidated 
clay layer. 
   
Sp = (Cc/(1 + e0))H*Log((p0’ + ∆p)/ p0’))  (1) 
Where: 
Sp = primary consolidation of layer H, ft 
Cc = compression index 
e0 = initial void ratio 
H = layer thickness, ft  
p0’ = vertical effective stress, psf 
∆p = increase in vertical effective stress, psf 
 
Table 2. Consolidation Testing Sample Information  
(*Denotes Time Rate of Consolidation Test) 
 
Boring No. Depth, (ft) Sample Type 
3 3.0 Ring 
3 6.0 Ring 
11 11.0 Ring 
17 11.0* Ring 
21 13.5 Ring 
23 8.5 Ring 
39 6.0* Ring 
39 16.0* Ring 
39 29.5 Ring 
39 39.5* Ring 
40 16.5 Shelby 
40 35.0 Shelby 
40 41.0 Ring 
41 5.0 Shelby 
41 22.0 Shelby 
42 11.0 Shelby 
42 25.0 Shelby 
43 12.5 Shelby 
 
 
Terzaghi’s one-dimensional consolidation theory for primary 
consolidation was utilized throughout the static settlement 
analyses for this project.  
 
Time rate consolidation test results were used to estimate the 
anticipated duration that static settlement would require.  
Readings were taken at specific time intervals and 
predetermined load increments during one-dimensional 
consolidation testing.  The predetermined loads were 
approximations of the vertical effective stress anticipated at 
the sample depth after loads would be added to the project site 
by the fill and structure.  Time versus deflection curves were 
developed using two different methods: Log-Time and Square 
Root.  From these curves, the value of cv, the coefficient of 
consolidation, was estimated.  This value was then used to 
estimate the time for a layer of fine grained soil to consolidate 




    (2) 
Where: 
 T = time factor related to U percent 
 cv = coefficient of consolidation 
 t = time since load applied 
 Hdr = vertical length of drainage path 
 
T values related to U were determined from published tables 
that can be found in geotechnical references (Day, 2000).   
 
Lastly, decreasing the time for primary consolidation to occur 
by increasing the potential for radial drainage of subsurface 
soils required additional analyses.  Essentially, as the length of 
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the drainage path decreases, the amount of time that settlement 
will require also decreases. Utilization of prefabricated wick 
drains (PWDs) for this project required incorporation of the 
theory of radial consolidation of soils.  This concept was 
originally developed by Barron in 1948 for use of vertical 
sand drains. Barron’s theories were expanded throughtout the 
years and modified upon the arrival of PWDs, which were 
developed in the early 1970’s and have widely been in 
applications where preloading and rapid consolidation are 
required (Holtz, 1987).  Since Barron’s theories, developments 
of equivalent drain diameters have allowed incorporation of 
PWDs into design theories.  The results of these developments 




)/ch    (3) 
 
Where: 
 t = elapsed time 
Th = time factor based upon horizontal drainage and 
equivalent drain diameter 
dd = diameter of drainage, ft 




Analyses for using PWDs were conducted using software 
provided by Nilex Construction (now HB Wick Drains, a 
Division of Hayward Baker), the eventual PWD contractor 




Recent alluvial soils encountered throughout the subsurface 
exploration phases of this project were judged to be normally 
consolidated.  A typical consolidation test result for the project 
is presented in Fig. 2. 
 
The following steps were conducted in estimating static 
settlement: 
 
1. Determine vertical effective stress, p0’, for each 
sample. 
2. Estimate increase in vertical effective stress, ∆p, due 
to fill and building loads.   
3. Determine compression index, Cc, values for each of 
the consolidation curves used in the analysis. 
4. Utilize layering techniques to evaluate settlement 
potential. 
5. Estimate the amount of settlement using Terzaghi’s 
theory of one-dimensional consolidation. 
 
In developing the values for the analyses, preliminary grading 
recommendations were developed. Early in the value 
engineering process, it was determined that the building area 
was to be over-excavated to el. 115.5 ft. This elevation was 
selected based upon subsurface water elevations encountered 
during exploration.  It was also selected, because it would 
provide approximately 8.5 feet of engineered fill under the 
building.  The horizontal over-excavation limits were to 
include an area which extended 15 feet beyond the foundation 





Fig. 2. Typical consolidation curve (Boring 11 @ 11.0 to 11.5 
ft) 
 
The engineered fill was assumed to act as a relatively stiff, 
homogeneous and elastic member. Subsurface stress 
distribution concepts developed by Boussinesq were used to 
estimate the increase in vertical effective stresses as a result of 
the fill.  The total fill comprised an area of around 400 feet by 
500 feet.  With these dimensions and assumptions, the 
increase in vertical effective stress due to the fill was assumed 
to extend, without reduction, through the highly compressible 
alluvial soils in the upper 40 feet of the site (Day, 2000).  
Increases in effective stress due to building loads were 
reduced, because the footprint of the building foundations for 
the structure were relatively narrow compared to the 
dimensions of the overlying fill.     
 
Using a layer averaging process, 18 consolidation tests from 
borings drilled in the building area were evaluated to develop 
average input values.   
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Table 3. Summary of Layer Averaging for Static Settlement 
Analyses 
 
Layer Depth (measured 





0 - 10 0.071 0.942 
10 - 25 0.119 0.873 
25 - 40 0.128 0.753 
 
These values were incorporated into settlement analyses using 
an assumed overburden pressure due to the fill of 1,100 psf 
and an average structure load of 1,000 psf, which was reduced 
with depth. Variations of the input parameters were made to 
evaluate the sensitivity of the utilized methods were to 
changes in calculated values.  One example was to only use 
consolidation test results from Shelby tube samples, which are 
generally considered to be less disturbed than samples 
obtained from a California Modified Ring Sampler.  Layer 
depths were also varied in an effort to evaluate the sensitivity 
of the analyses. These variations resulted in estimated 
settlements of 3.5 to 8.5 inches.  Judgments were made during 
the development of the geotechnical report, which stated “If 
the proposed fill is placed with no remedial preparation of the 
site, total settlement could reach 4 to 6 inches with anticipated 
differential settlement of up to 0.75 inches over a 30-foot 
distance.  Isolated areas of settlement up to 10 inches may 
also be experienced.” (Earth Systems Pacific, 2009)  
 
Time rate consolidation analyses were then performed to 
estimate the period required for the settlement to occur.  As 
some future settlement of the structure is allowed, 100 percent 
of the anticipated consolidation was not needed in developing 
mitigation options.  Time duration analyses were performed 
considering two scenarios; no surcharge and 6 feet of 
surcharge. With no surcharge, a U value of 75 percent was 
assumed to be necessary to allow any remaining settlement 
after construction to occur while remaining within the retail 
corporation’s specifications.  With 6 feet of surcharge, a U 
value of 40 percent was used.   
 
A surcharge would be applied across the entire building area, 
there would not be any reduction in the increase in effective 
vertical stresses due to this load with depth; similar to the 
condition that the engineered fill for the building pad would 
create.  The surcharge load was judged to increase vertical 
effective stresses within the soft compressible soil layers more 
than the anticipated 1,000 average building load that was 
reduced using stress distribution theories by Boussinesq.   
 
The variation of the U values is due to the differences in 
effective stress increases and how they relate to the eventual 
fill and building loads.  Six feet of surcharge would impose an 
additional fill load that would extend deeper into the soil than 
the building foundation loads, resulting in more settlement 
than the fill and structure would actually cause.  As a result, a 
lower percentage of settlement (U) was used in the analysis 
for the surcharge than without. Using coefficient of 
consolidation values determined from log-time graphs and 
square root-time graphs, it was estimated that with no 
surcharge, up to 30 years might be needed for the anticipated 
settlement to occur.  With 6 feet of surcharge, the time 
decreased to approximately 10 years.  These time frames were 
not acceptable given the 14 month construction schedule 





As the results of the analysis using only a surcharge resulted in 
time frames longer than the project constraints required, 
various ground improvements were considered.  These 
included driven piles, drilled piers, geo-piers, and stone 
columns.  These options were not selected for various reasons 
mostly having to do with cost and constructability. PWDs 
coupled with a surcharge were selected as a viable mitigative 
option after research and analyses were performed. As the rate 
of consolidation is inversely proportional to the square of the 
drainage path distance, benefits of decreasing the flow 
distance reduce the time required for surcharge loading and 
thickness of surcharge fill (Holtz, 1987).   
 
Coefficients of consolidation are largely related to coefficients 
of permeability. Horizontal flow characteristics are generally 5 
to 15 times higher than vertical characteristics (McCarthy, 
1998).  Due to the intermittent lenticular nature of the alluvial 
soils at the site, a value of 6 times cv was judged to be a 
suitable value to calculate the horizontal coefficient of 
permeability. A value of 6 was selected as it provided 
conservatism in the calculations and some degree of a factor 
of safety in the analyses. From this judgment and subsequent 
calculations considering log-time and square-root values of cv, 
an average value for ch=0.23 ft
2
/day was used.   
 
Another input parameter was the average degree of 
consolidation, U.  During the analyses, U values were varied 
from 40 percent to 75 percent depending on the thickness of 
the surcharge.  Similar concepts were employed during the 
static settlement analyses previously described. An equivalent 
drain diameter (as recommended by Nilex) of 0.22 ft was used 
for the PWDs.  The type of vertical drain spacing (triangular 
or square) was another input parameter as it relates to the 
radial consolidation characteristics.  For this project, a 
triangular spacing was used so that equivalent offset distances 
between drains were maintained. Lastly, horizontal spacing of 
the PWDs was varied. 
 
From these analyses, estimated durations of settlement were 
calculated and summarized for value engineering discussions 
with the site developer, general contractor, and grading 
contractor.  A graphical summary of the final iteration of the 
planned solution is presented in Fig. 3. 
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Fig. 3. Summary of Estimated Settlement Duration vs. PWD 
Horizontal Triangular Spacing 
 
Summary of Recommendations 
 
Initial recommendations presented in the report for reducing 
the potential for static settlement of the retail building 
included the following tasks: 
 
1. Over-excavation of the building area to a level plane 
at el. 115.5 ft. 
2. Installing a field of PWDs at the bottom of the over-
excavation at maximum 6-foot triangular spacing.  
Connection of the PWDs to a series of horizontal 
strip drains for collection of any produced water.  
3. Constructing the building pad, with three layers of 
biaxial geogrid placed at el. 116, 117, and 118 ft.   
4. Utilizing granular material conforming to the 
gradation requirement of Class II aggregate base per 
Caltrans Standard Specifications Section 26-1.02A or 
26-1.02B (Caltrans, 2006b) and compacted to 95 
percent of maximum dry density to construct the 
entire building pad.   
5. Placing 6 feet of surcharge fill with a minimum wet 
density of 125 pcf over the pad.   
6. Installation and monitoring of settlement monuments 
at the bottom of the building pad fill.   
 
The initial submission of the project geotechnical report was 
reviewed by the retail corporation’s geotechnical consultant.  
The retail corporation’s consultant judged that the initial 
conclusions in the report (Earth Systems Pacific, 2009) were 
overly conservative and requested further exploration and 
analyses.  A third phase of exploration and settlement analyses 
was conducted in November 2009.  The data and conclusions 
from those operations were reviewed by a second independent 
consultant. In addition to their review, this consultant 
performed independent settlement analyses. Their analyses 
and conclusions were similar to those presented in the project 
geotechnical report and subsequent addenda (Earth Systems 
Pacific, 2009).  
 
After several meetings for value engineering, alternate grading 
recommendations were presented to reflect these 
collaborations in three addenda to the original report (Earth 
Systems Pacific, 2009).  Most of the alternatives were 
provided in an effort to reduce project costs without 
significant reductions to the successful outcome and 
performance of the project.  The main alternatives centered on 
the type of fill used in constructing the building pad, the 
quantity of geogrid layers, and the spacing of the PWDs.  
After this process, the following final grading 
recommendations were presented: 
 
1. A time frame for surcharge of around 60 days was 
established for the project.  The thickness of the 
surcharge fill had been varied throughout the design 
phase from 4 feet to 8 feet and was largely dependent 
upon the desired settlement time frame.  A surcharge 
thickness of 4 feet was the optimum thickness as it 
would not require removal of the surcharge material 
from the site. The surcharge could then be used as fill 
in other areas of the site following the surcharge 
period.  While the thickness of the surcharge was 
reduced, a closer spacing of PWDs of 5 feet was 
recommended.  With this plan, it was estimated that 
settlement of the building pad would require 36 to 90 
days.  A graphical presentation of this iteration is 
presented in Fig. 3. 
2. Instead of constructing the entire pad of granular fill, 
other types of material were allowed below el. 121.0 
ft.  A gradation for structural fill material was 
recommended along with an allowance of a 
maximum expansion index (ASTM D 4829) of 60.  
In general, the structural fill was to be readily 
compactable while not contributing to the 
geotechnical issues at the site.  Similar relative 
compaction requirements of 95 percent were 
recommended for this material. 
3. Granular fill requirements were adjusted to allow use 
of decomposed granite, which is a readily available 
material in the local area of this project. 
4. The number of geogrid layers was reduced from three 
to one.  Geogrid layers were intended to create a fill 
that was as rigid as practicable and to increase 
stability.  An alternative of only using a single layer 
of geogrid was provided with the developer accepting 
a increase in risk due to a decrease in stability.  This 
single layer was to be placed at the transition between 
the structural fill and granular fill at elevation 121.0 
ft. 
5. Sixteen settlement monuments were recommended to 





In late March 2010, initial tasks involved clearing and 
grubbing of the site, construction survey staking, and 
excavation of exploratory test pits in the building area.  The 









2 3 4 5 6 7 8 
Duration  of Settlement, (days) 
Wick Drain Spacing, Triangular (ft) 
Average of Log -Time & Square Root  - No  
Surcharge U = 70% 
Average of Log -Time & Square Root  - 4 ft  
surcharge U = 50% 
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construction of their building in October 2010; six months 
were allotted to construct the building pad.   
 
Over-excavation and PWD Installation 
 
Prior to over-excavation, four test pits were excavated within 
the building area to the bottom of the planned over-
excavation.  Shallow subsurface water was encountered in 
three of the four test pits.  In a pit located in the northwest 
corner of the building area, significant water flow was 
observed and the static water level was estimated to be about 
el. 117 ft; this was 1.5 feet higher than the bottom of the 
planned bottom of over-excavation of el.115.5 ft.  The grading 
contractor implemented a dewatering program that focused on 
removal of water to as shallow a depth as practicable to allow 
over-excavation of the building area.  At the end of March, a 
series of temporary piezometers were installed throughout the 
building pad to monitor the dewatering process which 
consisted of 5 to 10-foot deep gravel trenches connected to 
three 20-foot deep sumps equipped with 4-inch diameter 
pumps.  The water removed from the dewatering pumps was 
passed through a series of clarifier tanks and eventually 
discharged into Prefumo Creek via the concrete lined swale on 
the south boundary of the project.   By the middle of April, 
after monitoring the piezometers, the water level was judged 
by the contractor to be low enough to allow over-excavation to 
begin on the building pad.  Soil removed from the building 
area was used as general fill elsewhere for the development.   
 
Over-excavation began on the east side of the building pad.  
The soil exposed across the bottom of the excavation was very 
soft and unstable under equipment loads.  It was decided that 
the single layer of geogrid planned at the transition from 
structural to granular fill would be better used to stabilize the 
bottom of the over-excavation.  A deciding factor was that the 
excavator and 55 foot tall mast used to install the PWDs was 
very heavy and could become unsafe if the subgrade below the 
excavator was soft and allowed the machine to list 
significantly to one side.  Subsequently, the entire bottom of 
the over-excavation was covered with a layer of biaxial 
geogrid. Six to 12 inches of granular fill was placed and 
compacted across the top of the geogrid. This mitigative 
procedure provided a relatively stable surface for the 
excavator used to install the PWDs. 
 
PWD installation began near the end of April and lasted 17 
work days.  Installation of PWDs was performed using a 
hydraulically inserted steel mandrel.  A 50-foot long section of 
rectangular channel steel was attached to a push assembly in 
the mast.  A series of internal cables run through blocks were 
used to push the mandrel into the ground.  Sacrificial anchor 
plates were attached to the PWD material, which were on a 
large spool attached to the mast and were threaded through the 
hollow mandrel.  The anchor plates helped keep the PWD 
material from pulling out of the ground as the mandrel was 
removed.  After the mandrel was lifted out of the ground, the 
exposed PWD was cut such that 2 to 3 feet protruded from the 
ground to eventually be attached to horizontal strip drains that 
were placed to collect any water produced by the PWDs.   
 
During installation, PWD depths varied from 30 to 40 feet 
below the surface with variances allowed if refusal in gravel 
layers was experienced.  In total, over the 17-day work period, 
7,407 drains were installed in a 5-foot triangular spacing 
pattern totaling 324,720 linear feet of material (over 61 miles).  
On average, 19,000 linear feet was installed each day.  Each 
PWD took approximately 10 seconds to install. As PWD 
installation continued across the middle and western portions 
of the pad, structural fill placement began on the east side.   
 
Building Pad Construction and Monitoring 
 
Initial fill material consisted of structural fill, which was 
imported from several sources throughout San Luis Obispo.  
As structural fill and eventually granular fill was placed to 
construct the building pad, settlement monuments were placed 
as a part of grading, observation, and testing services provided 
by the geotechnical consultant.  
 
Settlement monuments (SM) consisted of 3/8-inch thick, 18-
inch square steel base plates with a 2-inch steel pipe coupler 
welded in the center of the plate.  After each plate was 
installed on firm compacted soil, 5-foot long sections of 2-
inch diameter steel pipe were threaded onto the base plate 
coupler.  Caps with inscribed numbers on them, were used to 
identify the monuments.  As fill levels approached the top of 
each pipe section, additional 5-foot pipe segments were added 
using couplers.   
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Fig. 4. Settlement Monument Placed at Bottom of Over-
excavation with Structural Fill Placement and PWD 
Installation in Progress 
 
Initially, monuments were planned to be installed only at the 
bottom of the over-excavation.  During construction, it was 
decided that some of the monuments should be installed at 
various elevations in the fill in an effort to determine if the fill 
was settling independent of the subsurface soils.  Thirteen 
monuments were installed at the bottom of the over-
excavation, five monuments were installed within the zone of 
fill, and two monuments were installed at the top of the 
surcharge fill.  A total of 20 settlement monuments were 
placed and monitored. 
 
  
Fig. 5. Plot of Settlement Monument (SM) Locations 
 
Monuments were surveyed every 3 to 7 days.  It was critical to 
obtain as many data points as possible so that progress of 
settlement could be observed and evaluated.  One critical 
aspect of the monitoring was a suitable benchmark by which 
to reference the survey.  According to the project surveyor, 
established benchmarks in the area are known to fluctuate up 
to 0.10-foot throughout the year.  These benchmarks were not 
suitable for the required precision of the monitoring to 0.01-
foot.  As a result, a 58-foot deep micropile bearing in the 
underlying older alluvium was constructed east of the building 
pad, beyond the judged zone of settlement influence, to serve 
as a suitable and stable benchmark for monitoring.   
 
As fill was placed, monuments were installed, and readings 
taken.  The first reading of monuments took place May 4, 
2010 and the last reading was taken August 24, 2010.  When 
fill levels approached the top of the monument, a reading was 
taken, then another 5-foot section of pipe was added, and a 
subsequent reading taken.  The monitoring data were obtained 
by a California Licensed Surveyor when requested by the 
geotechnical consultant.  Specialized survey equipment was 
used to obtain the required accuracy.  The data were submitted 
and reduced to a common datum to allow observation of 
movement.   
 
Surcharge placement began June 2, 2010 and ended on June 
18, 2010 when the last truck of material was placed for the 4-
foot thick surcharge; this date was considered the beginning of 
the surcharge period. Aggregate base and decomposed granite 
were used to surcharge the pad.  Throughout building pad 
construction, density and moisture content testing was 
performed per ASTM D 6938.  A total of 242 compaction 
tests were taken on the 8.5 feet of building pad fill and 4 feet 
of surcharge fill.  Based upon these tests, the data was reduced 
to estimate the actual loads that were placed in the building 
area.  From this data, the building pad fill had a load of 1,139 
psf and the surcharge fill had a load of 534 psf.  These values 





A total of 27 sets of readings were taken throughout the 
monitoring phase which lasted 112 days.  The settlement 
period began June 18, 2010 and after analysis of the data, the 
surcharge period was ended August 26, 2010.  The full 
surcharge load of 4 feet of fill was on the building pad for a 
period of 69 days. To increase loads on the pad area, the 
contractor parked construction equipment and other materials 
on the pad during this time frame.  In addition, dewatering 
continued throughout the surcharge period to further aid in 




Fig. 6. Plot of Cumulative Settlement per Monument 
 
The data were tabulated after each successive reading.  In 
order to equate the elevations of the monuments, a datum 
elevation of 10.00 ft was used for the top of each monument 
cap.  As the monument settled, the cap elevation reflected the 
cumulative settlement measured. Figure 6 is a plot of the 
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identifies the beginning of the placement of the surcharge and 
the second line represents the end of the surcharge placement 
and beginning of the surcharge period.  The surcharge period 
was judged to have ended when the amount of settlement 
measured was so small that when projected, the amount of 
further movement was within the retail corporation’s 




The total amount of measured settlement was very close to the 
predicted 4 to 6 inches presented in the geotechnical report 
(Earth Systems Pacific, 2009). Table 4 summarizes the total 
measured settlement for each of the monuments. The rate of 
settlement increased as the loads on the pad moved past the 
maximum past effective pressures.  The largest increment in 
settlement was measured during the period from when 
structural fill began, to the beginning of the surcharge period 
(indicated by the second vertical line from the left in Fig. 6).  
SM 4 experienced 6.60 inches of total settlement, but SM8 
experienced the largest incremental movement in a 4 day 
period of 1.8 inches.  
 















1 5/4/2010 116.0 112 1.56 
2 5/4/2010 116.0 112 3.60 
3 5/4/2010 116.0 112 2.40 
4 5/4/2010 116.0 112 6.60 
5 5/6/2010 116.0 86 2.76 
6 5/6/2010 116.0 110 5.76 
7 5/6/2010 116.0 110 5.76 
8 5/10/2010 116.0 106 6.00 
9 5/12/2010 116.0 104 5.16 
10 5/12/2010 116.0 104 3.84 
11 5/14/2010 116.0 102 1.80 
12 5/14/2010 116.0 102 6.48 
13 5/14/2010 116.0 102 1.80 
14 5/18/2010 119.0 98 5.64 
15 5/18/2010 121.0 98 2.28 
16 6/3/2010 121.0 82 2.88 
17 6/9/2010 121.0 76 3.24 
18 6/9/2010 125.0 76 2.16 
19 6/23/2010 128.0 62 0.84 




The cumulative settlement of the exterior and interior 
monuments was also compared.  The average total settlement 
of interior monuments was 4.09 inches while the average total 
settlement of the perimeter monuments was 2.61 inches. The 
overall average settlement of all monuments was 3.43 inches.  
More settlement occurred under the center of the pad than at 
the edges.  These results support the assumptions made during 
the design phase that the fill would act as a large, relatively 
rigid member. Stress distribution theories that utilize influence 
factors for uniformly loaded areas assume that more 
settlement will occur under the center of an area than at the 
edges (Day, 2000).   
 
To evaluate if any settlement of the fill placed was occurring, 
SM 6 and SM 16 base plates were installed at the bottom of 
the structural fill (el. 115.5 ft) and at the top of the structural 
fill (el. 121.0), respectively. Based upon the data, the 
differential movement measured between these monuments 
was very small and no discernible settlement of the building 





In practice, settlement analyses are generally considered to 
overestimate the amount of settlement and the time needed for 
such movement to occur.  This overestimation is largely due to 
the assumptions that subsurface soils are homogeneous, that 
uniform strain within the soil will occur, and the flow of 
excess pore water pressure is only in the vertical direction. In 
reality, soils are heterogeneous which leads to differential 
strains and excess pore water pressure dissipates in a three-
dimensional flow pattern. Significant analyses and 
computations are needed to incorporate these realities into 
estimations of settlements, which were not within the scope of 
exploration and analysis for this project. 
 
The analyses used for this project generally resulted in 
predictions of settlement close to what was measured in the 
field. Judgment and analyses of the data were used in 
predicting 4 to 6 inches of settlement. The amount of 
consolidation data (18 consolidation test results) available for 
the project site and the ability to perform layer and data 
averaging likely led to more realistic values used in estimating 
settlement. This is in contract to most projects where one or 
two settlement curves (likely the worst case scenario for most 
projects) and minimal layer averaging are used. This is often 
driven by budgetary constraints. By doing so, the amount of 
estimated settlement would generally be higher.  The larger 
than typical pool of data allowed for a more refined settlement 
analyses, which resulted in predicted values close to measured 
values. 
 
Utilization of PWDs coupled with surcharge fills can be a 
relatively quick and effective means to reducing the damaging 
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effects of static soil settlement. However, there are some 
limitations to such a system.   PWDs can be installed in soft 
soils with relative ease, but gravel, cobbles or hard layers of 
soil limit the ability of installing PWD mandrels.  Pre-drilling 
of holes can be done, but it adds significant costs to the 
process.  Exploration using CPTs was a beneficial method of 
determining if the mandrel could be advanced into the 
subsurface soils.   
 
Horizontal strip drains were installed to connect the PWDs 
and direct any produced water to a collection point.  
Immediately after installation, water was observed just below 
the surface in the holes that were created by the mandrel; no 
water was observed to have flowed out of the top of the drains 
after the building pad and surcharge were placed.  It is likely 
that the PWDs created a vertical conduit for excess pore water 
pressure to dissipate in more permeable zones such as the 
gravel and sand layers encountered during subsurface 
exploration. Anticipated water production was discussed 
during the design phase and provisions were made to direct 
any water to an appropriate drainage facility by the contractor.  
Reportedly, it is somewhat rare for water to flow from the 
PWDs, but the potential should be considered in design and 
planning.  In this case, the use of horizontal strip drains not 
only provided a conduit, but as an added benefit they provided 
some reinforcing and stability to the structural fill.   
 
Base line measurements in reference to a stable bench mark 
and multiple data points are critical in evaluation of settlement 
progress.  Settlement monitoring of the building pad occurred 
over a period of 112 days and ceased after the beginning of the 
construction of the structure. Obtaining enough data was 
crucial in determining a trend for the settlement.  Enough data 
points were needed such that a trend in the data could be 
established.  Logarithmic plots can be created to help make the 
trend more evident.  
 
Utilization of PWDs coupled with a surcharge fill reduced the 
estimated settlement period from several years to 
approximately 4 months.  Reducing the potential for static 
settlement after construction of the building and meeting the 
project time frame resulted in a successful outcome given the 





Four time-rate consolidation tests were performed for this 
project.  While the values obtained and utilized were 
considered suitable, additional time-rate testing would provide 
further accuracy to the analyses. 
 
Determining the “break” where past maximum vertical 
effective stress occurred on several of the consolidation test 
results was not discernible.  An initial load of 700 psf was 
used during consolidation testing as a default.  Using a smaller 
initial load around 250 to 500 psf might have been more 
appropriate given the soft and normally consolidated nature of 
the soils.  By doing so, the conventional “break” in the curve 
might have been more visible.  
 
Additional installation of monitoring points on the building 
and periodic monitoring would have been a further step in 
studying the long term performance of PWDs and preloading 
on fills and structures with significant footprints. Similar data 
was obtained over a period of 70 years on the San Jacinto 
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